Abstract. Non-small-cell lung cancer (NSCLC), the most common type of lung cancers, is resistant to initial chemotherapy intrinsically. The expressions of xenobiotic metabolism genes, antioxidants, and drug efflux proteins are increased in NSCLC. In addition, a redox-sensitive transcription factor named Nrf2 regulates the drug resistance via the expression of electrophile, oxidants detoxification enzymes and efflux mechanism. As was detected by real-time PCR, inhibiting Nrf2 expression through the transfection of shRNA plasmids in A549 cells significantly inhibits the expressions of glutathione pathway genes, antioxidants and multidrug resistance proteins. Using biochemical assays and free radical medical experiments in vitro, it was identified that the RNAi-mediated reduction of Nrf2 expression in lung cancer cells induces the generation of reactive oxygen species, decreases the level of reduced glutathione and results in an increase in the A549 cell proliferation inhibition rate. Thus, targeting Nrf2 activity in NSCLC could be a practical way to inhibit tumor growth and eliminate chemoresistance.
Introduction
Lung cancer is seemed as the leading cause of cancer deaths worldwide. Despite the considerable improvement that has been made in the chemotherapy of lung cancer, there is still a problem about intrinsic and acquired resistance to current therapeutic agents [1] . As a majority of lung cancer, nonsmall-cell lung cancers (NSCLC) are generally non-responsive as well as intrinsically resistant to chemotherapy initially. Intrinsic drug resistance happens frequently, but as the chemotherapy becomes more specific and more effective, acquired drug resistance has also become common [1] .
Among drug resistance mechanisms, xenobiotics metabolic enzymes in combination with efflux proteins act to detoxify anticancer drugs. However, pro-oxidative drugs induced apoptosis are attenuated by antioxidants via cytoprotective electrophile-responses [2] . It has been shown that the expressions of antioxidants and drug efflux proteins are increased in previous studies on NSCLC [3] [4] [5] . Moreover, because the up-regulation of genes are involved in electrophile detoxification, as compared 1 Bo Zhang and Chen Xie contributed equally to this paper.
to normal cells, NSCLC cells exhibit a superior defensive capability against electrophiles [2] . Additionally, NSCLC cells produce abundant multidrug resistance proteins to confer their chemoresistance [6] .
The nuclear factor erythroid-2 related factor-2 (Nrf2) is a cap 'n' collar basic leucine zipper transcription factor which regulates a transcriptional program that maintains cellular redox homeostasis and protects against toxic xenobiotics in normal cells. Keap1 is a cytoplasmic anchor of Nrf2 and sustains steady-state levels of Nrf2 and electrophile-responsive element transcription [7] [8] [9] . Electrophiles, oxidants and xenobiotics hinder Nrf2 from the proteasomal degradation mediated by Keap1 and lead to the increasing nuclear accumulation and transcriptional induction of target genes. Transcriptional program regulated by Nrf2 includes a broad spectrum of genes, including genes encoding various antioxidants and enzymes (e.g., the glutathione cycle: γ-glutamyl-cysteine synthetase modifier subunit, Gclc; γ-glutamyl-cysteine synthetase catalytic subunit, Gclm; glutathione reductase, GR; glutathione peroxidase, GPX; xenobiotic metabolism cycle: NADP (H) quinone oxidoreductase 1, NQO1; the glutathione-S-transferase family, GSTs; multidrug resistance proteins, MRP). [10] [11] [12] [13] [14] [15] [16] [17] . Thus Nrf2 regulated gene products to protect against both oxidants and FAS ligand-induced apoptosis [18, 19] . Furthermore, down-regulation Nrf2 using anti-sense RNA would be reasonable to improve cell sensitization to apoptosis [19] .
As a popular method for exploring gene function, RNA interference (RNAi) suppresses the expression of an interest specific gene in a transformed mammalian cell culture. Knocking-down Nrf2 gene using naked siRNA duplexes in combination with carboplatin significantly inhibits tumor growth in a subcutaneous model of lung cancer [2] . Nrf2 over-expression up-regulated the expression of cytoprotective enzymes, decreased ROS levels, decreased the number of tartrate-resistant acid phosphatase-positive multinucleated cells, reduced marker genes for osteoclast differentiation, and attenuated bone destruction in both in vitro and in vivo models [20] . In fact, the over-expression of Keap1 or the RNAi knockdown of Nrf2 exerted opposite actions [20] . Thus, Nrf2 siRNA inhibitors, in combination with antioxidant depleting drug, may present a novel therapeutic strategy for NSCLC with chemoresistance. Shikonin is a typical anticancer drug used in Traditional Chinese Medicine (TCM) and also seemed as GSH depletor. In reviewing the literatures in NSCLC chemotherapy, no record was found on the association between Nrf2 RNAi and Shikonin. To better understand the chemotherapeutic effects of Nrf2 RNAi plus GSH depletor, the present study aims to determine whether there is the synergistic cytotoxicity effect with Nrf2 gene silence on A549 cells.
Materials and methods

Reagents
The following items were purchased from the Sigma Chemical Co. (St. Louis, MO, USA): methyl thiazolyl tetrazolium (MTT), 2, 7-dichlorodihydrofluorescein diacetate (H 2 DCFDA), 5-chloromethylfluorescein diacetate (CMFDA), and N-acetyl-L-cysteine (NAC). DMEM-F12 media and Fetal bovine serum (FBS) were purchased from the Gibco Life Tech Co. (Shanghai, China). The following items were purchased from the Sangon Biotech Co. (Shanghai,China): total protein extraction kit, TRIzol total RNA Extraction Kit (UNIQ-10), and cDNA synthesis kit. Pst I restriction enzyme and SYBR Premix Ex Taq were purchased from the TaKaRa Biotechnology Co., Ltd (DaLian, China). Lipofectamine 2000 was purchased from Invitrogen Life Tech Co. (Shanghai, China). All other chemicals were of analytical grade and were commercially available.
Cell culture
The human lung cancer cell line A549 was purchased from the Type Culture Collection of the Chinese Academy of Sciences, Shanghai, China. The cell was maintained at 37˚C in a 5% CO 2 atmosphere in DMEM-F12 media supplemented with 10% FBS, 100 U/ml penicillin and 100 μg/ml streptomycin.
Plasmid identification
SureSilencing shRNA Plasmids were purchased from SABioscience (Frederick, MD, USA) ( Figure  1A ). The SureSilencing shRNA Plasmid insert sequence was used as follows: clone 1: AAA CAA CTC AGC ACC TTA TAT; clone 2: TCA GTC ACT TGT TCC TGA TAT; clone 3: CCA GAA CAC TCA GTG GAA TCT; clone 4: AGG TAA CTG TAG TCC ACA TTT; clone NC: GGA ATC TCA TTC GAT GCA TAC; loop: CTT CCT GTC A. For transformations using DH5α E.coli Competent Cells, the competent cells and the transformation protocol were prepared according to a modified procedure of Hanahan [21] . Finally, to verify that the purified plasmids contained the shRNA insert, a Pst I restriction enzyme digestion was performed on a small aliquot of each plasmid preparation.
Establishment of stable transfected cell lines
Stable transfected cell lines were developed using SureSilencing shRNA plasmids ( Figure 1A ), which contain a neomycin resistance marker for the selection of stably transfected cells [22, 23] . A549 was transfected with the Nrf2shRNA-1/2/3/4 and shRNA-NC in a six-well plate with the Lipofectamine 2000 transfection reagent. All the procedures were performed by following the reagent supplier's guidance. A selective medium was added containing G418 (600 µg/mL) as the selective antibiotic pressure. Every two to three days, the medium was replaced with fresh medium. In addition, the cells were replated every week. The selection was continued until all of the un-transfected cells had died. The surviving cells were then split into a lower density in a 12-well plate so that each clone stems from 5 to 10 cells. In total, 24 clones were then assessed for the relative knockdown of each specific gene, as well as the related genes, using real-time PCR, and a single clone with the greatest degree of knockdown was selected for subsequent experiments [24] .
Real Time PCR
To analyze the expression levels of Nrf2 and its downstream target genes, treated cells were washed with PBS twice and collected. The RNA in each cell sample was extracted using the TRIzol total RNA Extraction Kit (UNIQ-10), then collected to be converted to cDNA using the cDNA synthesis kit (Prime Script RT reagent kit,TaKaRa, China). The Real-time PCR was used to determine the relative gene expression (Rotor Gene Q, Qiagene) with a SYBR Green (Qiagene, USA). The cDNA was submitted to real-time PCR and the sequence of primer pairs are as follows: Nrf2: 5'-ACA CGG TCC ACA GCT CAT C-3'(sense) and 5'-TGT CAA TCA AAT CCA TGT CCT G-3' (anti-sense); NQO1: 5'-AGA GTG GCA TTC TGC ATT TCT G -3'(sense) and 5'-CTG GAG TGT GCC CAA TGC TA -3'(anti-sense); GPX: 5'-GGG GCC TGG TGG TGC TCG GCT -3'(sense) and 5'-CAA TGG TCT GGA AGC GGC GGC-3'(anti-sense); GST: 5'-ATG GGC CTA GAG CTG TTT CT -3'(sense) and 5'-AGC CCA GGT ACT CAT GAA CA-3'(anti-sense) ; HO-1: 5'-GAG TGT AAG GAC CCA TCG GA-3'(sense) and 5'-GCC AGC AAC AAA GTG CAA G-3'(anti-sense); Gclc: 5'-ATG ATG CCA [25] [26] [27] [28] [29] [30] . The relative amount of target mRNA was analyzed and calculated by the 2 -△△Ct method. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an endogenous reference gene for mRNA normalization in each sample.
ELISA for Nrf2 present in A549 cells after transfection and in untreated cells
The total protein was extracted from the cells using the Total protein extraction kit according to the manufacturer's instructions (Sangon Biotech Co., Shanghai, China). The Nrf2 concentrations present in the A549 cells after transfection and present in the untreated cells were measured with a human Nrf2 ELISA kit (Westang Co., Shanghai, China).
Determination of intracellular ROS, GSH levels and GSSG/GSH ratio
The sample cells were washed with PBS and collected to be treated with H 2 DCFDA (20 μM ) (Ex /Em = 488 nm/525 nm) or CMFDA (5 μM) (Ex /Em = 492 nm/517 nm) at 37℃ for 30 mins. Then, the sample cells were washed twice with PBS, and their relative fluorescence intensity was read by spectrophotometry (Varioskan Flash 3001, Thermo, USA). The ROS and GSH levels were calculated as the mean fluorescence intensity per 1,000 non-necrotic cells (MFI), and the measurement of both probes in a single cell was performed using a fluorescence microscope. The GSH/GSSG ratio was determined using a GSH/GSSG assay kit (ATT Bioquest, Inc., USA) according to the manufacturer's instructions.
Cell viability assay
The sample cells were harvested during the exponential phase of growth and then plated into 96-well plates. Then, 10 μl of 5 mg/mL of MTT was added to each well and allowed to react for 4 h. The reaction was halted by adding 150 μl of DMSO, and the optical absorbance at 550 nm was determined by a spectrophotometer. The cell inhibition rate was calculated as 100% × (control group A valuesexperimental group A values) /control group A values.
Statistical analysis
Each experiment was replicated at least three times. The data obtained from experiments are evaluated by ANOVA and presented as the mean ± standard deviation of at least three independent experiments. Multiple comparisons were used to identify differences among groups by Student's t-test. Values were considered to be statistically significant at P < 0.05.
Results
Plasmid identification
Five SureSilencing shRNA Plasmids and their Pst I digests were characterized side-by-side on an agarose gel along with a 4500 bp ladder ( Figure 1B) . The Pst I digests contained the two diagnostic bands indicating that the shRNA insert was present. The uncut plasmid preparations predominantly contained the faster migrating supercoiled form and only very small amounts of the slower migrating nicked plasmids or plasmid concatemers. After being digested with Pst I, all five plasmids generated a diagnostic pair of bands after gel electrophoresis: 3827 bp and 991 bp.
Generation of A549 cell lines stably expressing Nrf2-shRNA
To decrease Nrf2 expression level, SureSilencing shRNA plasmids were used and transfected into A549. Compared with the untreated A549 cells (Figure 2A) , the transfected cells' morphology had changed to either A549-shRNA-NC or A549-Nrf2shRNA. Furthermore, the cell body becomes long and takes on a stretched appearance ( Figures 2B and 2D) . However, when undergoing G418 screening (G418: 600 μg/mL), the transfected cells resembled cluster-like cells ( Figure 2C ). After screening, two independent clones of Nrf2-shRNA-expressing A549 cells were selected that demonstrated a stable 80% down-regulation of Nrf2 mRNA ( Figure 2E ). Furthermore, using ELISA to measure the Nrf2 proteins revealed a similar depressed trend in protein levels. In addition, the Nrf2 expression did not change between the control cells transfected with negative control shRNA and the untransfected cancer cells (Figure 2F ).
Nrf2 gene silence resulting in the down-regulation of xenobiotic metabolism enzymes genes
As compared with Control and shRNA-NC, the Nrf2 gene silenced two A549 cell clones displayed a decline trend in the expressions of the glutathione pathway genes (Gclm, Gclc, GR, GPX) as indicated in Figure 3 . As a result of decreasing Nrf2 levels caused by the shRNA in A549 cells, it was found that other anti-oxidative enzyme genes, such as NQO1, heme oxygenase 1 (HO-1), Catalase (CAT), and GST were down-regulated in present work (Figure 3) . Furthermore, the transcription levels of multidrug resistance proteins, like the MRP2, were down-regulated significantly in cells that expressed Nrf2 shRNA. Thus, the down-regulation of Nrf2 profoundly decreased the expression of glutathione pathway genes, antioxidant enzymes and multidrug resistance proteins in A549 cells with the constitutive activation of Nrf2 function.
The intracellular redox homeostasis changes in cells stably transfected with Nrf2 shRNA
As the key result of Nrf2 shRNA silence, the oxidative stress would be increased in response to the global decrease in the expression of the xenobiotic metabolism enzymes genes. To determine the extent of oxidative stress caused by Nrf2 down-regulating, the intracellular redox homeostasis was monitored using both H 2 DCFDA and CMFDA fluorescence probes under microscope. The results demonstrated increased fluorescence in A549-Nrf2shRNA (Figures 4A and 4B ). A549-Nrf2shRNA cells also demonstrated a significant 25-fold increase in the ROS level. Meanwhile, A549-Nrf2shRNA cells decreased 4-fold in the GSH level ( Figures 4A and 4C ). Treating these cells with a nonspecific free radical scavenger NAC (2 mM) [2] for 30 mins reduced ROS production and attenuated the mean fluorescent intensity in A549-Nrf2shRNA by 75%. However, the cells' GSH level did not obviously increase. To precisely define changes of the intracellular redox homeostasis, the ratio of GSH to its oxidized product GSSG was analyzed after selection and NAC treatment. The results show that lowering Nrf2 expression in the A549 cell lines consistently reduced the GSH/GSSG ratio. However, treatment with NAC did not significantly raise the GSH/GSSG ratio ( Figure 4D ). 
The inhibitory effects of Nrf2 RNAi on A549 cells proliferation
Since Nrf2 shRNA causes an increase in the ROS level, the inhibition rate of A549 cells that had been stably transfected with shRNA was measured. Untransfected cells were used as the control. The inhibition rate of cells proliferation was analyzed through the MTT assay after screening 2d, 4d and 6d. The inhibition rate was substantially higher in the Nrf2shRNA cells at 2d, 4d and 6d than in the untransfected cells. The inhibition rate of cells proliferation did not change for the untransfected cells with shRNA-NC cells ( Figure 5A ).
Knockdown of endogenous Nrf2 showing a synergistic cytotoxicity effect with Shikonin on A549 cells
Shikonin is one of the active components of Lithospermum erythrorhizon Sieb. et Zucc., which chemically reacts with endogenous thiols, including GSH [31] . Since Nrf2 shRNA decreases the expressions of glutathione pathway genes, antioxidants and drug resistance proteins, it was measured that the inhibition rate of Shikonin in A549 cells had been stably transfected with shRNA targeting Nrf2. Untransfected cells were used as the control.
Previous studies have determined that the optimal dose range on cell proliferation inhibition for Shikonin is 2 to 8 μM (0.58 to 2.31 μg/mL) for 24 h [32] . The experiments in this study, however, used Shikonin within a broad concentration range (0.8 to 51.2 μg/mL) to extend its cytotoxic efficacy. The inhibition rate of cells proliferation did not change for the untransfected cells with shRNA-NC cells. Either A549-Nrf2shRNA-1 or 3 cell proliferation was inhibited in a dose-dependent manner in comparison to the untransfected cells after 24 h of Shikonin treatment. As the Shikonin concentration increased from 0.8 to 3.2 μg/mL, there was a rapid increase in the inhibition rates, either for the untransfected cells or for the Nrf2shRNA-1/3 cells ( Figure 5B ). It was found that the decreased Nrf2 level in the A549 cell lines greatly enhanced the cytotoxicity (20-30%) of Shikonin synergistically, thus resulting in increased cell death when compared to the untransfected cells. In addition,when compared with the control cells that expressed shRNA-NC, A549-Nrf2 shRNA-1/3 cells displayed decreased IC 50 score and increased inhibition rate in Shikonin treatments. In summary, the Nrf2 RNAi together with Shikonin treatment showed synergistic cytotoxicity on A549 cells. 
Discussion
In the present study, it has been demonstrated that NSCLC cells have increased Nrf2 activity due to Keap1 genetic somatic mutations [33] [34] [35] . If Keap1 lost activity, which leads to the constitutive activation of Nrf2 in NSCLC cells, up-regulates the expressions of drug detoxification enzymes and efflux proteins [33, 35] . To understand the functional significance of gaining Nrf2 function in NSCLC, then an RNAi approach was used and a lung cancer A549 cell line was selected that has been previously reported to achieve the loss of Keap1 activity [35] .
The SureSilencing shRNA plasmids are employed in present study according to an experimentally verified algorithm. These constructs specifically down-regulate the expression of specific genes by RNAi and allow for the enrichment or selection of transfected cells [22, 23] . Under the control of the U1 promoter and the Neomycin gene, the short hairpin RNA (shRNA) is expressed by using the vector. All three plasmid types were detected by gel electrophoresis and generated a diagnostic pair of bands. The Pst I digests contained the two diagnostic bands, which indicated that the shRNA insert was present. The uncut plasmid preparations predominantly contained the faster migrating supercoiled form and only very small amounts of the slower migrating nicked plasmid or plasmid concatamers.
Previous study had reported a rapid enhancement in ROS production and, conversely, a depletion in GSH as a preliminary effect of HL-60 cell differentiation in Shikonin treatments [36] , which agrees well with previously published pro-apoptotic reports [19, 37, 38] . Based on the present study, it should be determined whether there is a regulatory role of the Nrf2 pathway to replenish GSH and other antioxidants to scavenge ROS and other electrophilic molecules [39, 40] . In constructing the GSH system, GCL is a key enzyme to perform GSH synthesis as GR. GCL composed of a catalytic subunit (Gclc) and a modulatory subunit (Gclm) [28] . GPX was responsible for GSH oxidation to GSSG by H 2 O 2 [41] . NQO1 was responsible for reduction of quinones to hydroquinones by consuming a reducing matter as NADPH [42] . Nrf2 RNAi in the A549 cells resulted in a marked decrease in the expression of genes that constitute the glutathione cycle (GSH bio-synthesizing enzymes, GPX, and GR, antioxidants (HO-1, NQO1, and CAT), and drug resistance proteins (MRP2) [14, 43] . In corroboration with the GR, GPX and GST gene expression as well as the total GSH levels were significantly reduced in Nrf2 shRNAi A549 cells and in comparison with the shRNA-NC control cells. Thus, Nrf2 gene expression down-regulation profoundly decreased the expression of key antioxidative enzyme genes, glutathione pathway genes and multidrug resistance proteins in NSCLC cells with a constitutive activation of Nrf2 function.
The down-regulation of the Nrf2 pathway caused a dramatic ROS accumulation and GSH depletion in the A549-Nrf2shRNA-1/3 cells; simultaneously, the redox homeostasis in the cells was shifted towards oxidation. Treating these cells with GSH precursor NAC reduced ROS production in the A549-Nrf2shRNA-1/3 cells. Further, during chemotherapy by platinum, cancer cells could be protected by NAC not only through antioxidant but also through the covalent binding of the molecule to the platinum, thus producing an inactive complex [44] [45] [46] . However, the NAC pretreatment did not obviously restore the GSH levels in Nrf2 knockdown cells, which suggests that the gene expressions in the GSH biosynthesis that is positively regulated by Nrf2 were also inhibited by RNAi.
Chemotherapy is one of the primary methods used for cancer treatments. The production of reactive oxygen species (ROS) plays an important role in the apoptosis by commonly used chemotherapy agents, such as cisplatin, bleomycin, paclitaxel, adriamycin and etoposide [47, 48] . However, developing a resistance to anticancer agents limits its therapeutic use for cancer treatments. Drugresistant cancer cells may be involved in several different mechanisms, such as increased cellular detoxification and antioxidant systems [49] [50] [51] . In addition, GSH is a major endogenous antioxidant that contributes to rescuing cells from apoptosis. Previous studies have suggested that an elevated cellular GSH level caused decreased responses to chemotherapeutic agents [51, 52] . In human lung cancer, the siRNA-mediated repression of self-defense genes and of cellular GSH pool led to an inhibition of cell growth and a sensitivity to anticancer agents [53] . Similar to our study, cell viability was substantially lower in the Nrf2shRNA-1/3 cells as compared to the untransfected cells.
In TCM, a famous "heat clearing and blood cooling" herb "shikon" grows widely in Xin Jiang region of China. Additionally, the root extracts of shikon have been used in TCM for many years as a form of cancer treatment [54] . Shikonin, the main naphthoquinone compound of the shikon root, was recently demonstrated as having pro-apoptotic effects and pro-oxidative activities on various cells [55] . Although ROS production from mitochondria was seemed to trigger apoptosis by Shikonin and other anticancer drugs [56] , in Gao et al.'s study, their results indicate that Shikonin directly reacts with GSH and other oxidative stress-relevant compounds in the lysate of HL-60 cells [31] . In our study, a combination of Nrf2 shRNA with Shikonin led to an increase in the inhibition rate as compared to the control. Changes in cell viability/inhibition rates were attributed to the decreased GSH levels synergistically caused by Nrf2 shRNA silences as well as Shikonin treatments.
The constitutive activation of Nrf2 mediates important defensive role in electrophile detoxification and drug resistance in NSCLC cells at transcriptional level. The application of biochemical RNAi silencing of the Nrf2 gene and chemotherapeutical GSH depletor are promising strategies to inhibit cell proliferation in lung cancer cells.
